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Myostatin represses muscle growth by negatively regulat- 
ing the number and size of muscle fibers. Myostatin loss- 
of-function can result in the double-muscling phenotype 
and increased muscle mass. Thus, knockout of myostatin 
gene could improve the quality of meat from mammals. In 
the present study, zinc finger nucleases, a useful tool for 
generating gene knockout animals, were designed to tar- 
get exon 1 of the myostatin gene. The designed ZFNs were 
introduced into porcine primary fibroblasts and early im- 
plantation embryos via electroporation and microinjection, 
respectively. Mutations around the ZFNs target site were 
detected in both primary fibroblasts and blastocysts. The 
proportion of mutant fibroblast cells and blastocyst was 
4.81% and 5.31%, respectively. Thus, ZFNs can be used to 
knockout myostatin in porcine primary fibroblasts and 
early implantation embryos. 



INTRODUCTION 

Endogenous gene knockout is a powerful tool for analyzing 
gene function, optimizing livestock production, and generating 
animal models for human genetic diseases. Recent work de- 
veloped a method of gene disruption using zinc-finger nucleas- 
es (ZFNs). ZFNs can generate double-strand breaks (DSBs) at 
specific sequences. In mammals, DSBs are repaired primarily 
via the error-prone non-homologous end-joining (NHEJ) me- 
chanism. The NHEJ repair pathway leads to gene disruption 
due to small insertions and deletions at the DSBs. The ZFNs 
technology is a useful approach for generating knockout mu- 
tants because it is not necessary for cells to undergo long-term 
drug selection; therefore, this method improves the proliferation 
potential of mammalian cells intended for somatic cell nuclear 
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transfer (SCNT). Currently, gene knockout has been accom- 
plished with ZFNs-coding mRNA or DNA in a number of organ- 
isms including mice, rats, pigs, and cattle (Carbery et al., 2010; 
Hauschild et al., 2011; Li et al., 2013; Mashimo et al., 2010; 
Yang et al., 2011; Yu et al., 2011). The ZFNs platform may 
overcome the inherent limitations of genetic modification tech- 
niques in mammals that not involve embryonic stem (ES) cells. 

The ZFNs platform is not the only method available for gene 
knockout in mammals. An alternate method of genome editing 
uses transcription activator-like effector nucleases (TALENs), 
which provide greater flexibility in selecting target sequences 
than that of ZFNs (Cermak et al., 2011). Clustered regulatory 
interspaced short palindromic repeats (CRISPR)-based sys- 
tems utilize RNA-guided DNA endonucleases that function in 
the sequence-specific silencing of invading foreign DNA (Wie- 
denheft et al., 2012). All three gene knockout methods are 
transformative tools with the potential to revolutionize biological 
research. 

The myostatin gene was discovered first in mice (McPherron 
et al., 1997), and is an attractive target for gene knockout in 
livestock. It regulates the number and size of muscle fibers by 
repressing muscle growth. Disruption of the myostatin gene has 
been studied in cattle (Grobet et al., 1997) and humans (Schu- 
elke et al., 2004). Myostatin loss-of-f unction can result in the 
double-muscling phenotype and increase muscle mass. Thus, 
disruption of the myostatin gene in food animals could potential- 
ly produce leaner meat. In this study, we tested a pair of ZFNs 
that showed high activity at the first exon of the porcine myosta- 
tin gene. Our results demonstrate that ZFNs disrupt myostatin 
in porcine fetal fibroblasts and embryos. To the best of our 
knowledge, this is the first evidence of myostatin gene disrup- 
tion using ZFNs in this system. 

MATERIALS AND METHODS 

Design of ZFNs 

The ZFNs were designed to bind and cleave the first exon of 
the porcine myostatin gene, and were purchased from Sigma- 
Aldrich. 

Cell culture and transfection of primary porcine fetal fibroblasts 

Primary porcine fetal fibroblasts were obtained from the 30- 
days-old fetus of a Meishan (China) pig. Skin biopsies isolated 
from the body of the fetus were used to prepare porcine prima- 
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ry fibroblasts. A total of 10 cells were trypsinized (0.25%) (w/v), 
washed with phosphate-buffered saline (PBS) (gibco), to centri- 
fugate (1200 r/min, 4 min) and suspended in 100 jllI Nucleofec- 
tor Solution (Lonza) containing 2 ug DNA of ZFNs or pEGFP- 
N1 plasmids. Cells were then transfected with the plasmids 
using program T-016 (Lonza). Treated cells were placed in a T- 
25 flask (Nunc) and cultured at 37°C, 5% C0 2 for 2 days. 

Production of parthenogenetically activated embryos 
Porcine ovaries were collected from a local abattoir and stored 
in sterile PBS containing 100 lU/ml penicillin and 0.05 mg/ml 
streptomycin at 30-35°C during transportation. Cumulus oocyte 
complexes (COCs) with intact cumulus cell layers and uniform 
cytoplasm were selected for maturation in vitro. Selected COCs 
were washed three times with PZM-3 medium, transferred to 
pre-equilibrated PZM-3 medium and then incubated for 44-48 h 
at 38.5°C, 5% C0 2 . COCs were transferred to 0.1% (w/v) hya- 
luronidase in Dulbecco's PBS (DPBS) (gibco) to remove cumu- 
lus cells. Oocytes with clear, intact cell membranes, perivitelline 
space, and a first polar body were selected for parthenogenetic 
activation (PA) and transferred to activation medium (2%FBS 
/TCM 199) (Life Technologies). Activation was performed via 
direct current (DC) 1 .2 kV/cm for 30 us. Subsequently, oocytes 
were transferred into 5 ug/ml Cytochalasin B (CB) and incu- 
bated for 3 h. Oocytes were then washed three times and cul- 
tured in fresh PZM-3 medium at 38.5°C, 5% C0 2 . 

Microinjection of ZFNs-coding mRNA into porcine em- 
bryos 

ZFNs-coding mRNA was transcribed and polyadenylated from 
linear ZFNs-coding DNA using the mMESSAGE mMACHINE® 
and Poly(A) Tailing kits (Ambion), then purified using the ME- 
GAclear™ kit (Ambion). Two ZFNs monomer-coding mRNAs 
were mixed at a final concentration of 20 ng/ul, and approx- 
imately 10 pi was microinjected into embryos cytoplasm at 8-10 
h after PA. Using a microscope (1X71, Olympus), manipulators 
(Olympus) and pressure instrument (Narishige) for microjection 
and was performed on the PA embryos. After microinjection, 
embryos were cultured in PZM3 medium at 38.5°C, 5% C0 2 
until develop to blastocyst. 

Immunofluorescence 

Cells were washed in PBS containing 1 mg/ml bovine serum 
albumin (BSA), and fixed in 3.7% paraformaldehyde (PFA) for 
40 min at room temperature (RT) and then were permeabilised 
with 0.5% Triton X- 100 for 30 min at RT. After washing, cells 
were further incubated at 4°C over night with antibody that rec- 
ognized FLAG (5 ug/ml, Sigma Aldrich). Secondly, AlexaFluor 
488- conjugated antibody (Life Technology) was diluted 1 : 1000, 
in which the cells were incubated for 1 h in the dark at RT. After 
washed three times, cells were mounted in 3 mg/ml 4,6- diami- 
dino-2-phenylindole (DAPI; Sigma aldrich) for 25 min at RT. 
And then, cells were moved into 20 ul 2% Vectashield anti- 
bleaching solution (Vector Laboratories). Fluorescence was 
captured by Carl Zeiss LSM 700 and saved in TIFF format. 
Besides, cells were transfected with pEGFP-N1 were not fixed 
and permeabilised but directed mounted in 10 ug/ml Hoechst 
33342 (Sigma) for 15 min at room temperature. Then, fluores- 
cence was detected at 10 x 40 using an inverted microscope 
(1X71, Olympus). 

T7 endonuclease I mutation-detection assay 

ZFNs-induced fibroblast and oocyte mutations were detected 
using a T7E1 assay (New England BioLabs, USA) following the 



manufacturer's protocol and a recently reported method (Kim et 
al., 2009). ZFNs-treated porcine genomic DNA was extracted 
from the following two samples: (1) fibroblasts that were trans- 
feet 2 days later, and (2) embryos that had developed to the 
blastula stage. PCR analysis of fibroblast genomic DNA was 
performed using the myostatin primers MSTN-1-F (5'- 
AAAGGAAGAAATAAGAACAAGGA-3') and MSTN-1-R (5'- 
TTACACTCTGTAGGCATGGTAAT-3') under the following 
conditions: 95°C for 4 min; 36 cycles of 94°C for 30 s, 58°C for 
30 s, 72°C for 40 s; and a final extension at 72°C for 5 min. 
PCR analysis of embryonic DNA was performed in two steps. 
Step 1 employed myostatin primers MSTN-P1-F (5'-GTGGAG 
CAAGAGCCAATCATAGA-3') and MSTN-P1-R (5'-CAGCAGC 
TTTCAGTCTCATTAGTTTAT-3') under the following condi- 
tions: 95°C for 4 min; 36 cycles of 94°C for 30 s, 58°C for 30 s, 
72°C for 50 s; and a final extension at 72°C for 7 min. In Step 2, 
the PCR amplicons from Step 1 were purified, then a nested 
PCR was performed using primers MSTN-1-F and MSTN-1-R, 
using the same cycling conditions described for amplification of 
fibroblast genomic DNA. The denatured and annealed DNA 
fragments were treated with 5 units T7E1 at 37°C for 30 min, 
and then analyzed using agarose gel electrophoresis. 

DNA sequence analysis of myostatin in cells and embryos 

Based on the results of the T7E1 assay, candidate mutant DNA 
fragments from ZFNs-treated fibroblasts and embryos were 
cloned into the pMD18-T vector (TAKARA, China) and sub- 
jected to DNA-sequencing analysis. The proportion of mutants 
was calculated by dividing the number of mutant clones by the 
number of total clones analyzed. 

RESULTS 

ZFNs-induced myostatin mutations in porcine primary 
fibroblasts 

We used ZFNs that designed to bind and cleave the first exon 
of the porcine myostatin gene, the sequence and target of 
which are shown in Fig. 1A. To determine the transfection effi- 
ciency, we introduced pEGFP-N1 into porcine primary fibrob- 
lasts as a positive control. 75% of primary fibroblasts cells dis- 
played EGFP green fluorescence 24 h after transfection (Sup- 
plementary Fig. 1). The ZFNs had FLAG tags. Therefore, the 
porcine primary fibroblasts expressing ZFNs can be detected 
using Immunofluorescence (Fig. 1B). 

The T7E1 analysis of porcine primary fibroblasts transfected 
with ZFNs are presented in Figs. 1C and 1D. The 325-bp 
bands indicate that heteroduplexes were generated in the 
ZFNs-treated, fibroblast-derived amplicons, suggesting that 
deletions occurred due to post-treatment cleavage of the ZFNs 
target sites (Fig. 1D). These results suggest that ZFNs can 
mediate myostatin mutations in porcine primary fibroblasts. 

ZFNs-induced myostatin mutations were detected in par- 
thenogenetically activated embryos 

ZFNs-coding mRNA was microinjected into porcine embryos 
cytoplasm, and the embryos were cultured in PZM3 medium until 
the blastocyst stage. Genomic DNA was extracted from injected 
and uninjected blastocysts. Less genomic DNA was extracted 
from individual embryos than from fibroblasts; therefore, we used 
nested primers to amplify the sequence encompassing the 
myostatin ZFNs target site. Subsequently, a mutation-detection 
assay was performed on the amplicons (Figs. 2A and 2B). The 
results showed that myostatin fragments of different lengths 
were present in the amplicons. In addition, we monitored the 
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Fig. 1. ZFN-mediated disruption of myostatin gene in primary 
pig fibroblasts. (A) Myostatin-targeted ZFNs used in this re- 
search. The ZFNs target sequences are indicated by the red 
color, each of ZFN monomer recognizes 15 bases, and five 
bases space between the two ZFN monomers, each zinc- 
finger protein recognizes three bases, the Fok I nucleases are 
acted as dimer to non-specific cleavage, identify, insertion and 
deletion. (B) Immunofluoresence staining analysis the myosta- 
tin-ZFN location. The DAPI staining nucleus (blue) and the 
Flag location myostain-ZFN (green). (C) Schematic overview 
of mismatch detection by T7 endonuclease I (T7E1). Genomic 
DNA was extracted from primary pig fibroblasts treated with 
ZFNs after 48 h of transfection, the first exon of myostatin gene 
that encompassing the site of ZFNs recognition was amplified 
by PCR, and the DNA amplicons were denaturized and an- 
nealed to form homoduplexes and heteroduplexes. The T7E1 
recognizes and cleaves the mismatch DNA of heteroduplexes 
instead of homoduplexes, proceeding the DNA fragments 
analysis by agarose gel electrophoresis and the ideal result is 
shown. (D) T7E1 assay of ZFN cleavage in primary porcine 
fibroblasts. A band cleave by the T7 endonuclease I was de- 
tected at an expected size (-325 bp), indicating the presence 
of heteroduplexes. ZFN, amplicons from ZFNs treated primary 
porcine fibroblasts; WT, amplicons from wild-type primary pig 
fibroblast. 




Fig. 2. ZFN-mediated disruption of myostatin gene in porcine 
PA embryos. (A) T7E1 assay of ZFN cleavage in porcine PA 
embryos. The 425 bp PCR amplicon of myostatin gene is 
cleaved into -325 bp and -100 bp fragments. ZFN, the emb- 
ryo mutant after ZFN coding mRNA treated; Con, the embryo 
treated with nonsense mRNA. (B) DNA sequencing diagram of 
an embryo mutant. The diagram of sequence reveals a double 
curve around ZFNs binding site. Arrow indicated mutant point. 
(C) Effect on development of PA embryos after microinjected 
with ZFN-coding mRNA in 1 -cell. After injected with ZFN- 
coding mRNA in 1 -cell, the developmental rate of embryos 
from 2-cell to blastula was shown. There was no significant 
difference between control and ZFN-treated group (p > 0.05). 



development of PA embryos after microinjection with ZFNs from ZFNs-treated cells and 13 of 245 ZFNs-treated embryos 
mRNA or with scramble mRNA. No significant difference was (Fig. 3A). The efficiency of myostatin gene disruption by ZFNs 
detected in the development of embryos injected with ZFNs or was 4.81% and 5.31% in porcine primary fibroblasts and em- 
scramble mRNA (Fig. 2C). Myostatin expression is not normally bryos, respectively. Mutations were induced in myostatin exon 1 
detectable until the 21st day during porcine embryonic devel- in both primary fibroblasts and embryos, suggesting that the 
opment (Ji et al., 1998). However, we detected ZFNs were efficiency of ZFNs-induced mutation was not significantly different 
active in the PA embryos at the blastocyst stage (7.5 days). in fibroblasts and embryos. We calculated the percentage of cells 

harboring mutations in each mutant embryo (Fig. 3B). The pro- 

DNA-sequence analysis of mutants portion of mutant cells reached 100% in two embryos. In some 

DNA-sequence mutations were detected in 22 colonies derived mutant embryos, two to four different mutations were detected. 
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A CeM 

WT ATTTACCTGTTTATGCTGATTGTTG C TGG TC C CGTGGAT CTGA 

ATTTACCTGTTTATGCTG GTCC CGTGGATCTGA De letion £(10) 

Embryo 

WT ATTT ACCTGTTTATGCTGA TTGTT G C TGGTC C CGTGGAT CTGA 

ATTTACCTGTTTATGCTG GTCC CGTGGATCTGA 1 1 De let i ons [1 0) 

ATTTACCTGTTT A TGC TGGTC C C GTGGATCTGA * 7 De let i ons (1 0) 

AT TTACCTGTTTATGCTGATTGTTGjSJ^CTGGTCC CGTGGATCTGA *2 Insertion S(3) 

AT T T AC C TGTTTATGCTG AT - CCCG TGGATC TGA * 1 De let i ons [1 0) 

AT T TAC C TGTTTATGCTGATTGTg^jTG C TGGTC C C GTGGATCTGA 1 lnsertions(3} 

ATTTACCTG TTGTTG C TGG T C C CGTGGATCTGA i De let ions (10) 

ATTTACCTGTTTATGCTG ATTG CTGGTCC CGTGGATCTGA -1 Deletions{3} 

ATTTACCTGTTTATGCTG ATTGT^JTG CTGGTCCC GTGGATCTGA 1 ln$ertion$(2) 

Fig. 3. Analysis of mutagenic cells and embryos. (A) DNA sequence analysis of myostatin at ZFNs target sites in primary pig fibroblasts and 
porcine embryos. Cloned the DNA amplicons of mutant to pMD18-T vector, single colony was isolated for DNA sequence analysis. All of the 
mutation type in cell and embryos are shown. The number of reads for each allele is noted to the right of the sequence. Underline, ZFNs bind- 
ing sequence; dashes, deletions; small letters and black background, insertions; parenthesis, the quantity of bases insertion or deletion. The 
sequences only showed the mutation types. (B) The percentage of mutagenic cells in one mutagenic embryo. Ten clones were isolated each 
mutagenic embryos for DNA analysis, the lowest percentage of mutagenic cells in one embryo is 12.5%, the highest is 100%, 55% on average, 
indicating the high mutation rate in one mutagenic embryo. 



B 
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Off-target analysis 

Seven pairs of primers were provided by the manufacturer 
(Sigma-Aldrich) to investigate off-target activity. These primer 
pairs were produced by scanning the porcine genome for 5-6 
bp sites that were mismatched to the ZFNs target sequence. 
These primer sequences are listed in Supplementary Table 1 . 
The PCR amplification products from mutant porcine blastocyst 
embryos are shown in Supplementary Fig. 2A. The T7E1 clea- 
vage assay did not detect myostatin mutations in the PCR 
products (Supplementary Fig. 2B). The partial silico-PCR- 
sequencing results detected no off-target effects (Supplementa- 
ry Fig. 2C). These results indicate that the ZFNs did not display 
off-target mutagenic activity. 

DISCUSSION 

This study demonstrated the feasibility of ZFNs-mediated 
myostatin disruption in porcine primary fibroblasts and embryos. 
To the best of our knowledge, this is the first time that ZFNs 
have been used to induce porcine myostatin mutations. Pre- 
vious studies used homologous recombination (HR)-based 
genomic modification technologies, which require several se- 
lection markers to screen for cells with desired genetic modifi- 
cations (Jin et al., 2003; Rogers et al., 2008). Therefore, HR 
methods result in the introduction of selective markers in the 
genomes of treated animals. In the current study, we applied 
ZFNs to generate porcine myostatin mutations. This technology 
does not require the transformation of antibiotic selection mark- 
ers or the use of deleterious drugs to select cells with desired 
genetic modifications. The ZFNs approach may achieve gene 
knockout in less time than required for other methods. 

Although it is possible to detect mutations via DNA sequenc- 
ing (Yang et al., 2011), it is not an efficient method for screen- 
ing all mutants. Therefore, we employed nested PCR to im- 
prove myostatin amplification from individual embryos, and then 
performed the T7E1 assay using the amplicons. The advan- 
tages of this approach became evident during the course of the 
study. In one of the embryos, DNA sequencing did not detect 
mutations (i.e., no double peaks in the DNA sequence near the 
target region). However, this embryo was identified as a mutant 
using the T7E1 assay (data not shown). This suggests that the 
T7E1 assay is more sensitive for detecting gene mutations in 
embryos. 



We analyzed DNA sequences from ZFNs-treated fibroblast 
cells and embryos (Fig. 3A). Deletions and insertions were 
detected in ZFNs-treated cells and embryos, although we did 
not observe complex indels that have been reported previously 
(Kim et al., 2009). The average percentage of mutant cells in 
mutant embryos was 55%. However, two mutant embryos were 
identified that were composed of 100% mutant cells. These 
data indicate that ZFNs-mediated mutations can occur during 
early embryonic development. 

In conclusion, we demonstrate that ZFNs can efficiently dis- 
rupt myostatin in porcine primary fibroblasts and PA embryos. 
This technology is less time-consuming and injurious to cells 
than alternative approaches, and it minimizes the risks of intro- 
ducing exogenous DNA fragments into the host genome. Our 
results may provide a future platform for improving meat pro- 
duction. Specifically, mutant cell lines can be generated using 
ZFNs, to provide SCNT donor cells for produce myostatin- 
knockout pigs. 

Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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